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„Die Strukturevolution  von Ammoniumparawolframat während der thermischen 
Zersetzung“ 
Dissertation vorgelegt von Olga Kirilenko  
 
Zusammenfassung 
 
In der vorliegenden Arbeit werden Untersuchungen an Ammoniumparawolframat 
(APW) vorgestellt. Die Zersetzung von Ammoniumparawolframat wurde mittels in situ 
Röntgenabsorptionspektroskopie (XAS), in situ Röntgenbeugung (XRD) und 
Thermogravimetrie (TG/DSC) untersucht. Beide in situ Methoden sind unter 
Reaktionsbedingungen (katalytisch, oxidierend, reduzierend, inert) und mit simultaner 
Analyse der Gasphase, durchgeführt worden. Von 300 K bis 650 K ist die Zersetzung von 
APW von der Atmosphäre unabhängig. Während unter oxidierenden Bedingungen bei 
773 K hauptsächlich als Produkt kristallines triklines WO3 erhalten wurde, bilden sich 
unter mild-reduzierenden Bedingungen (Propen, Propen und Sauerstoff, und Helium) 
teilweise reduzierte und stark ungeordnete Wolframbronzen. Es wurde keine weitere 
Reduktion in Propen oder Helium beobachtet, was darauf hinweist, dass es starke 
gehinderte Beweglichkeit von Sauerstoff in dem Kristallgitter von Wolframoxid gibt. In 
H2-Atmospäre wurde WO2 und schließlich metallisches W als Endprodukt erhalten. 
Während der thermischen Zersetzung von Ammoniumparawolframat finden die 
hauptsächlichen Veränderungen bei ungefähr 500 K statt, verbunden mit kompletter 
Strukturreorganisation, der Zerstörung des Polyoxowolframation von APW und der 
Bildung von Wolframbronzen. Die relativ niedrige Temperatur der Bildung des 
dreidimensional Gitter von WO3 im Vergleich zur thermischen Behandlung von 
Polyoxomolybdaten deutet auf eine besondere strukturelle Stabilität in der Anordnung  
der eckenverknüpten WO6 – Einheiten in WO3 und Wolframbronzen hin. Wolfram ist ein 
potenzieller Struktur- und elektronischer Promotor in den Katalysatoren auf 
Molybdänoxidbasis, muss allerdings bereits in einer fruehren Stufen der 
Katalysatorpräparation in die geordnete Molybdänoxid Struktur inkorporiert werden.
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„Structural Evolution of Ammonium Paratungstate During Thermal Decomposition“  
dissertation by Olga Kirilenko  
 
Abstract 
 
In this work investigations on ammonium paratungstate (APT) are presented. 
The bulk structural evolution during the decomposition of ammonium paratungstate in 
various oxidizing and reducing atmospheres was elucidated by the complementary 
techniques in situ XAS, in situ XRD, and TG/DSC combined with mass spectrometry. In 
the temperature range from 300 K to 650 K, the decomposition of APT proceeds nearly 
independent of the atmosphere employed. At higher temperature an oxidizing atmosphere 
results in the formation of crystalline triclinic WO3 as the majority phase at 773 K while 
mildly reducing atmospheres (propene, propene and oxygen, and helium) result in the 
formation of partially reduced and highly disordered tungsten bronzes. No further 
reduction is observed in propene or helium, indicating a strongly hindered oxygen 
mobility in the tungsten oxide lattice in the temperature range employed. The 
decomposition of APT in hydrogen results in the formation of WO2 and, eventually, 
tungsten metal.  
During the thermal treatment of APT, major changes occur at ~ 500 K where a 
complete structural rearrangement takes place resulting in the destruction of the 
polyoxotungstate ion of APT and the formation of a tungsten oxide bronze. The rather 
low temperature for the formation of a three-dimensional lattice compared to the thermal 
treatment of common polyoxomolybdate precursors indicates the lower stability of the 
precursor and intermediates as ligands are removed. For tungsten to act as a potential 
structural or electronic promoter in molybdenum oxide based catalysts, tungsten needs to 
be incorporated in regular molybdenum oxide structures already at a very early stage of 
the catalyst preparation.  
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1 Introduction 
 
1.1 Motivation and strategy 
Catalytic processes posses a prominent role in the society. The majority of all 
chemicals and fuels produced in the chemical industry were in contact with one or more 
catalysts. Catalysis becomes also progressively more important in environmental 
pollution control. Stoichiometric processes, which generate waste problems, are more and 
more replaced by selective catalytic routes. 
Heterogeneous catalysis is a mixture of engineering and science. In fact, much of 
the catalyst development since the beginning of this century has used a catalyst screening 
process, where literally thousand of catalyst were evaluated for their activity and 
selectivity. 
Van Santen [1] identifies three levels of research in catalysis. The macroscopic 
level is the world of reaction engineering, test reactors and catalysts beds. Questions 
concerning the catalyst deal with such aspects as activity per unit volume and mechanical 
strength. The mesoscopic level consists of kinetic studies, activity per unit surface area, 
and the relation between the composition and structure of a catalyst versus in catalytic 
behavior. Many investigations belong to this category. Finally, the microscopic level is 
that of fundamental studies and deals with the details of adsorption on surfaces, reaction 
mechanisms, theoretical modeling and surface science.  
Almost without exception, the solid state catalysts used industrially exhibit 
surface area that are seldom less than 10 and occasionally more than 300 m2/g. In 
general, catalysts are microcrystalline and are often multicomponent. Some important 
catalysts consist of several distinct phases, and in such materials one can find many 
different  elements in various states of oxidation and combination. 
Several approaches can be adopted to investigate fundamental relations between 
the state of a catalyst and its catalytic properties. One would be to model the catalytic 
surface with that of single crystal. By using the appropriate combination of surface 
spectroscopies, the desired characterization on the atomic scale is certainly possible in 
favorable cases. The disadvantage, however, is that although one may be able to study the 
catalytic properties of such samples under realistic conditions (pressures of 1 bar or 
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higher), most of the characterization is necessarily carried out in UHV, and not under 
reaction conditions. The other approach is to study real catalysts with in situ techniques 
such as IR and Mössbauer spectroscopy, EXAFS and XRD, either under reaction 
conditions, or under a controlled environment after quenching the reaction. The catalytic 
properties of a surface are determined by its composition and structure on the atomic 
scale. Thus, it is not sufficient to know that a surface consists of a metal and a promoter, 
but it is essential to know the exact structure of the catalytically active surface, including 
defects, steps, etc. as well as the exact location of the promoter atoms. Hence, from a 
fundamental point of view, the ultimate goal of catalyst characterization is to look at the 
surface of atomic scale under reaction conditions, i.e. in situ. [2] 
Selective heterogeneous oxidation catalysis is of vital importance to the well 
being of society, since it produces about 25 % of the most important industrial organic 
chemicals and intermediates used in the manufacture of industrial products and consumer 
goods. The products include such intermediates as acrolein, acrylic acid, acrylonitril, 
methacrylic acid, maleic anhydride, phtalic anhydride, ethylene and propylene oxide. 
Thus, it is highly important to further develop not only the performance of such industrial 
processes but also the fundamental understanding of such multielement and multiphase 
catalysts, e.g. the role of each phase and their interaction under catalytic action. This 
information is prerequisite for future material science tailoring of molecularly defined 
selective catalysts.   
Molybdenum oxide based catalysts are extensively employed for the partial 
oxidation of light alkanes and alkenes. [3, 4, 5, 6, 7, 8] Binary molybdenum oxides have a 
limited catalytic applicability, mostly because of their tendency to readily transform into 
less active molybdenum trioxide, MoO3, under reaction conditions. Thus, in order to 
prevent the decomposition and deactivation of particularly active binary molybdenum 
oxides, it would be desirable to stabilize the active nanostructure with the substitution of 
some of the molybdenum by additional metal centres such as vanadium, niobium, or 
tungsten. These MoVW mixed oxide catalysts have been improved over the years by 
adding more and more promoters. [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] In these 
works different oxide species are reported to be part of the active phase system in these 
catalysts. Andrushkevich [13] revealed MoO3 and V2O4 as major components of the V-
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Mo-O-catalysts and reported that the catalytic activity is related to the content of V4+. 
Tichy et al. [12] identified VMo3O11, whereas Adams et al. [18] concluded that the 
presence of hexagonal (V, Mo)O3 is important for the formation of active phases, but 
concerning the low selectivity and activity of the examined vanadium molybdenum oxide 
system. A third metal component is necessary for an efficient catalyst. (MoVW)5O14 with  
Mo5O14 like structure is proposed as active phase in [16, 17]. The structure of this oxide 
is built up by pentagonal bipyramids and octahedrally coordinated metal centers. [20] At 
the same time binary molybdenum-based oxides doped with different elements such as 
Nb, W and Ta have been synthesized and their structures have been identified as those of 
the Mo5O14 type. [21] These phases were found to be stable at a wide temperature range 
and a broad variation of the element ratios.  
The Mars-van Krevelen mechanism is proposed for selective partial oxidation 
reactions and describes the role of the so-called, active “lattice” oxygen for selective 
partial oxidations. [22] The real metal-oxygen stoichiometry and defect structure of 
molybdenum oxides thus may play an important role in selective partial oxidation 
reactions. Because since the redox activity of the catalyst requires metal centers in 
intermediate oxidation states during the turnover, and the activity of a metal-oxo site is 
high only at high oxidation states of the metal site, it is evident that the successful 
catalyst must either exhibit different surface sites performing different parts of the 
reaction network or that each site must be flexible in its electronic structure without being 
geometrically destabilized. [53]  
In particular, V and W are known to stabilize Mo5O14 type structures, which are 
likely candidates for the active phase in mixed molybdenum oxide catalysts (e.g. 
MoVNbTeOx catalysts), while V can exhibit multiple valence states and may participate 
in the active site of the partial oxidation catalyst (electronic promoter), W is believed to 
be a structural promoter stabilizing particular molybdenum oxide structures. Mixed 
molybdenum oxide catalysts are commonly prepared by chemically or physically mixing 
suitable catalyst precursors.  In order to prepare and stabilize the appropriate 
molybdenum oxide phase, the behaviour of the catalyst precursors during thermal 
treatment needs to be elucidated. As a common precursor for the preparation of 
molybdenum oxides, AHM exhibits a rich dependence of the decomposition 
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intermediates and products on the treatment conditions (i.e. atmosphere, flow rate, and 
heating rate). This enables a knowledge-based preparation of particular molybdenum 
oxide materials by selecting an appropriate calcinations procedure.  
Ammonium paratungstate (APT) is a common precursor for the preparation of 
(Mo, W) mixed oxides. Because of their reduced complexity compared to the industrially 
employed catalysts, these oxides constitutes suitable model systems that can reveal the 
structure-activity relationships of mixed oxides under reaction conditions and, moreover, 
the dependence of the microstructure of the active catalyst on the various preparation 
conditions. [23] The structural evolution of ammonium heptamolybdate (AHM) [24] and 
heteropolyoxomolybdates [25] during thermal activation has been thoroughly 
investigated. Therefore, investigations of the decomposition of APT are required to 
identify and quantify tungsten oxide phases and their formation under various 
atmospheres, and to reveal correlations between catalytic activity and the structural 
evolution of APT. 
In this work the decomposition of APT is studied with in situ X-ray diffraction 
(XRD) and in situ X-ray absorption spectroscopy (XAS) to reveal the influence of 
different treatment parameters on the decomposition process, and to provide a detailed 
analysis of the short-and long-range structure evolution during the treatments. The 
decomposition of APT is studied in various oxidative and reductive atmospheres 
(oxygen, propene and oxygen, helium, propene and hydrogen) and the structural changes 
detected are discussed and compared with the mechanism of the decomposition of 
common polyoxomolybdates.  
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1.2 Chemistry of the tungsten 
 
1.2.1 Tungsten 
The electronic configuration of the element W: [Xe]4f145d46s2. 
Tungsten has the highest mp (melting point) of all metals (3410°C) – indeed, of 
all elements except carbon. For this reason, metallic W is fabricated by the techniques of 
powder metallurgy. 
Tungsten occurs in the form of the tungstates, scheelite, CaWO4, and wolframite 
(Fe,Mn)WO4.  [26]
Preparation: 1) CaWO4 + 2HCl Ø CaCl2 + WO3 * H2O                                                  
                          
  600°C 
                                    (NH4)10H2W12O42 * 4H2O  →  WO3   
 
  800° C 
                                 2) WO3 + 3H2  Ø  W + 3H2O  
                     
 
1.2.2 Tungsten oxides  
WO3 is known in different polymorphic forms, but above 900°C, the cubic WO3 
structure is that of ReO3.  The structures of the other polymorphs are distortions of the 
ReO3 structure. ReO3 is made up of [ReO6] octahedra that are linked together via their 
corners. Within the layer, any octahedron is linked to four other; it is also linked, via its 
upper and lower corners, to octahedra in the layers above and below. As six oxygens 
surround each W the overall formula is WO3 (see Figure1.1). The melting point of WO3 is 
1473°C. The sequence of temperature phase transition for WO3 is given in Table 1: [27]. 
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Figure 1.1 The overview of the structure of triclinic tungsten trioxide. 
 
                                       
                                  Table 1.1 The phase diagram of WO3.           
                   
Phase T, K a, Å b, Å c, Å α β γ 
monoclinic 130-220 5.15 5.05 7.63 90.0 92.6 90.0 
monoclinic 290-600 7.30 7.49 7.32 89.8 90.1 90.0 
triclinic 280-870 7.18 7.36 7.63 88.0 90.5 90.4 
tetragonal 870-1100 5.31 5.31 3.91 90.0 90.0 90.0 
 
Tungsten trioxide is acidic and dissolves in aqueous alkali and forms the WO42- 
ion. WO3 is insoluble in water, has no appreciable oxidizing properties, and constitutes 
the final product of the oxidation of the metal. Tungsten dioxide WO2 (brown), possessed 
the rutile structure, is formed by reduction of the trioxide with hydrogen. 
Thermal treatment of WO3 causes disproportionation:  
3WO2 → W+ 2WO3 
If WO3 is heated in vacuo or is heated with the powdered metal, reduction occurs until 
eventually WO2 with a distorted rutile structure is formed. Between WO3 and WO2, 
however, lies a variety of intensely colored (usually violet or blue) phases whose 
structural complexity has excited great interest over many years. Following the pioneer 
work of the Swedish chemist A Magneli in the late 1940s these materials, which were 
originally thought to consist of a comparatively small number of rather grossly 
nonstoichiometric phases, are now know to be composed of a much larger number of 
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distinct and accurately stoichiometric phases with formulae such as W18O49 and W20O58. 
[28] As oxygen is progressively eliminated, a whole series of WnO3n-1 stoichiometries is 
feasible between the WO3 structure containing corner-shared WO6 octahedra and the 
rutile structure consisting of edge-shared WO6 octahedra. These are produced as slabs of 
corner-shared octahedra move so as to share edges with the octahedra of identical 
adjacent slabs. This is phenomenon of crystallographic shear and occurs in an ordered 
fashion throughout the solid.  The reason for the formation of these intermediate phases is 
by no means fully understood but, although their “nonstoichiometric” M : O ratios imply 
mixed valence compounds, their largely metallic conductivities suggest that the electron 
released as oxygen is removed are in fact delocalized within a conduction band 
permeating the whole lattice. 
 
1.2.3 Tungsten bronzes 
The term bronze is applied to metallic oxides that have a deep color, metallic 
luster, and are either metallic conductors or semiconductors. The sodium-tungsten 
bronzes, NaxWO3, have colors that range from yellow to red and deep purple, depending 
on the value of x. WO3 has the rhenium oxide (ReO3) structure, with WO6 octahedra 
joined through the corners. The structure contains a three-dimensional network of 
channels throughout the structure and it has been found that alkali metals can be 
incorporated into the structure in these channels. The resultant crystal structure depends 
on the proportion of alkali metal in the particular compound. The structures are based on 
three main types: cubic phases where the alkali metal occupies the centre of the unit cell 
(similar to perovskite) and tetragonal and hexagonal phases. An overview of the structure 
of hexagonal ammonium bronze (N H4)0.25WO3  is presented in Figure 1.2. 
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Figure 1.2 The overview of the structure of hexagonal ammonium bronze 
(NH4)0.25W O3.
 
The observed electrical conductivities are metallic in magnitude and decrease 
linearly with increase in temperature, suggesting the existence of a conduction band of 
delocalized electrons. Measurements of the Hall Effect (used to measure free electron 
concentrations) indicate that the concentration of free electrons equals the concentrations 
of sodium atoms, implying that the conduction electrons arise from the complete 
ionization of sodium atoms. Several mechanisms have been suggested for the formation 
of this conduction band but it seems most likely that the t2g orbitals of the tungsten 
overlap, not directly but via oxygen pπ orbitals, so forming a partly filled π* band 
permeating the whole WO3 framework. 
Tungsten bronzes can be prepared by a variety of reductive techniques but 
probably the most general method consists of chemical or electrochemical reduction of 
the melted tungstates with tungsten metal, zinc metal, hydrogen or electric current. They 
are extremely inert chemically, being resistant both to alkalis and to acids, even when hot 
and concentrated. 
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 1.2.4 Ammonium paratungstate (APT) - (NH4)10H2W12O42 * 4H2O 
An overview of the structure of [H2W12O42]10- is presented in Figure 1.3. The 
centrosymmetric anion [H2W12O42]10- consists of four corner-sharing W3O13 groups. 
Every group consists of three edge-sharing WO6 octahedra. 
 
 
 
  
 
 
 
 
 
 
 
 
 Figure 1.3 The overview of the structure of [H2W12O42]10--anion. 
 
The crystallization of ammonium paratungstate tetrahydrate, (NH4)10H2W12O42*4H2O, 
from aqueous ammonium tungstate solutions is a key unit operation in the production of 
tungsten powder. [29], see 1.2.1. The crystallisation mechanism of APT is generally 
assumed to be as follows [30].  
When free ammonia is driven off, as in evaporative crystallization, the pH drops and a 
polytungstate begins to form: 
 6WO42- + 7H+  ‹ HW6O215-  + 3H2O 
 2 HW6O215-  ‹ H2W12O4210-
10NH4+ + H2W12O4210- + x H2O → (NH4)10H2W12O42*xH2O↓ 
The value of x is determined by the crystallization conditions, and is 4, 6 or 10. 
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Reaction scheme for the condensation of tungstate ions in aqueous solution: [31] 
 
                                         [WO4]2- 
                                       ë 
                                  paratungstate A   ‹ paratungstate B 
pH 9-5                              [W7O24]6-                          [H2W12O42]10- 
                      ë 
pH 4-2                  pseudo-metatungstate  ‹ metastable W12  ‹  metatungstate
                                                         (W11 Species)                  species                  [α-H2W12O40]6- 
                                       ë 
 
pH 2-1                            tungstate Y          
                                         [W10O32]4- 
                                       ë 
strongly  
 acidic                           ∞WO3*2H2O 
 
 
1.2.5. Heteropolytungstate 
They occur with small heteroatoms such as PV, AsV,  SiIV, and GeIV and they are 
the most readily obtained and best known of the heteropolyanions. Keggin first 
determined the structure of the phosphotungstate ([PW12O40]3- ), which was known to be 
isomorphous with the metatungstate [H2W12O40]6-, and his name is given to this structure 
type [32]. The Keggin ion consists of four triads, each built up by three edge-sharing 
WO6 units. The three WO6 units share a common oxygen atom that is connected to the 
central heteroatom in the Keggin ion.  Common corners of the corresponding WO6 units 
link the four triads in the Keggin anion together. A variety of polyoxometalate anions 
have been found to be versatile inorganic building blocks for constructing new materials 
with novel structures. The coordination chemistry of heteropolytungstates has evoked 
considerable interest in recent years. [33, 34]. 
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1.3 The results of the study of APT decomposition from selected publications 
The thermal decomposition of APT (NH4)10H2W12O42 * 4H2O has been 
investigated by numerous authors employing a variety of methods. [35, 36, 37, 38, 39, 
40, 41, 42, 43, 44, 45, 46, 47, 48]. Thermal analysis studies [44] combined with in situ 
Fourier transform infrared (FT-IR) spectroscopy [43] identified WO3 as the product of 
decomposition at temperatures above ~ 650 K. The mechanism of thermal decomposition 
of APT in air has been studied by X-ray diffractometry, thermogravimetry, and infrared 
and UV-Vis diffuse reflectance spectroscopies. [45] Ammonium tungsten bronze, 
(NH4)0.33WO3, and hexagonal WO3, were identified in the calcination product of APT at 
673 K for 2 h in a static atmosphere of air. On heating up to 770 K, the bronze together 
with hexagonal WO3 transformed completely into triclinic tungsten trioxide.  
In more detail, the decomposition of APT in air has been studied by in situ Laser 
Raman spectroscopy (LRS) combined with thermal gravimetric analysis (TG), 
differential thermal analysis (DTA), and X-ray diffraction (XRD). [46] It was found that 
the decomposition in air proceeds through three steps in the temperature ranges of 300 - 
473 K, 473 - 623 K and 623 - 773 K. The formation of WO3 was detected at temperatures 
above 623 K. Besides studies in air, the thermal decomposition of APT was also 
investigated in hydrogen. [47], [48] In the temperature range from 470 to 520 K, APT 
was found to decompose into (NH4)0.33WO3. (NH4)0.33WO3 is stable in the temperature 
range from 520 to 840 K, and is subsequently reduced to a mixture of WO2 and tungsten 
metal at 870 K, while complete reduction to tungsten metal is achieved at about 1000 K. 
In total, although the decomposition of APT has been investigated before, several open 
questions remain as to the sequence of the formation of intermediates, their 
characterization, and the dependence of the decomposition pathways on the reaction 
atmospheres for catalytically relevant gas phases (e.g. propene, and propene and oxygen).  
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1.4. The investigation of WO3 with respect to its catalytic properties 
Molybdenum oxide-based catalysts are extensively employed for the partial 
oxidation of alkenes. A comprehensive review on selective oxidation on metal oxide 
catalysts including molybdenum oxides and molybdenum-containing binary oxides was 
recently published by Grzybowska-Swierkosz [49] and refers to a number of other review 
articles on the same subject. [50, 51] At least seven fundamental principles important to 
selective heterogeneous oxidation catalysis can be enumerated. These seven principles 
encompass the importance played in selective heterogeneous oxidation catalysts by lattice 
oxygen, metal-oxygen bond strength, host structure, redox, multifunctionality of active 
sites, site isolation, and phase cooperation. Grasselli has referred to these principles on 
occasion as the “seven pillars” of selective heterogeneous oxidation catalysis. [52] 
According to R. Schlögl, multifunctionality refers to the ability of a catalyst to chemisorb 
and activate a hydrocarbon molecule that is often unfunctionalized and its concomitant 
ability to abstract hydrogen and add or insert oxygen or nitrogen atoms into the activated 
molecule. [53] 
There has recently been much discussion about the role, which crystallographic 
shear (CS) planes may play, in the catalytic behaviour of certain oxides. [54, 55] 
O’Keeffe has suggested that CS planes may greatly facilitate the transport of oxygen 
through the lattice. [60] Metal oxide lattices containing cations from groups IV, V, VI, 
which are able to form CS structures, possess the ability to switch readily from a corner- 
to an edge-sharing or an edge- to face-sharing linkage of metal oxygen polyhedra, thus 
making an oxygen atom available for reaction. Calculations on the stability and formation 
energy of CS planes in WO3 –like structures have been made by Iguchi and Tilley. [56, 
57] They have shown that an important factor in determining the stability of one 
particular CS plane geometry over another is the elastic strain in the crystal.  
Tungsten trioxide, WO3, has been investigated with respect to its catalytic 
properties in a variety of reactions. [58, 59, 60, 61, 62, 63, 64] The selective oxidation of 
propene to acrolein has been studied on two series of mixed molybdenum tungsten oxide 
catalysts. [63, 64] The first series of oxides exhibits the typical WO3 type structure 
consisting of corner-sharing WO6 units and the general formula MoxW1-xO3 (x = 0.4 - 
0.9). The second series, with a general formula (MoxW1-x)nO3n-1 (x = 0.4 - 0.9; n = 8-14), 
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possesses crystallographic shear structures. Members of the latter series showed a higher 
conversion and selectivity than the corresponding members of the first series. Selectivity 
was found to decrease as the tungsten content increased and as the density of 
crystallographic shear planes decreased. In situ oxidation of the reduced molybdenum 
oxide series of catalysts (MoxW1-x)nO3n-1 resulted in little change in selectivity but a 
significant decrease in conversion.  
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2 Theoretical and experimental details 
 
2.1 Introduction 
The temperature programmed decomposition of ammonium paratungstate was 
studied by in situ X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS) and 
thermal analysis (TG/DTA). The structure of the resulting materials, the morphology, and 
the size of the particles were determined by scanning electron microscopy (SEM) and by 
high-resolution transmission electron microscopy (HRTEM).  
X-ray diffraction (XRD) and X-ray absorption spectroscopy (XAS) can be used to 
provide bulk structural information of systems. The combination of both experimental 
techniques offers the advantage of probing the bulk structure on two different length 
scales i.e. long-range (50 Ǻ - 1000 Ǻ) and short range-order (< 6 Ǻ). In that respect both 
methods complement each other as XRD gives crystallographic information and the unit 
cell parameters, whereas XAS gives information of the coordination sphere of next 
nearest neighbor around an absorbing atom. While XRD is applicable for investigating 
crystalline solids, XAS is also applicable for investigating amorphous materials that 
exhibit no long-range order. 
 
2.2 X-ray Diffraction (XRD) 
 
2.2.1 Theory of XRD 
The periodic three dimensional arrays of atoms in a crystal solid scatters X-rays 
coherently leading to a constructive interference at specific angles (i.e. diffraction in 
analogy to optics). The first description of the diffraction of X-rays by crystals was 
developed by Max von Laue. [65] In 1913 W.H. Bragg and his son developed a simpler 
way of predicting diffraction phenomena in crystals assuming reflection of X-rays from 
crystallographic planes. The scattered X-rays of each lattice planes interfere 
constructively with each other if the path difference ∆l is a multiple integer of the 
wavelength.  This is described by the Bragg equation: [66] 
∆l = 2 · dhkl · sin θhkl = n · λ 
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It relates the spacing between the crystal planes, dhkl, to the particular Bragg 
angle, θhkl, at which reflections from these planes are observed. In Figure 2.1 a simple 
crystal is depicted. The path difference between the waves scattered by atoms from 
adjacent (hkl) lattice planes of spacing dhkl  is given by the sum of AB and BC.  
With X-ray diffraction the reflection only occurs when the conditions for 
constructive interference are fulfilled. A finely ground crystalline powder contains a very 
large number of small crystallites, which are oriented randomly to one another. If such a 
sample is placed in the path of a monochromatic X-ray beam, diffraction will occur from 
planes in those crystallites which happen to be oriented at the correct angle to fulfill the 
Bragg condition. The diffracted beams make an angle of 2θ with the incident beam. In 
practice, the sample is rotated to bring as many planes as possible into the diffracting 
condition.       
 
 
Figure 2.1 The reflectance of the X-rays at the lattice planes of the crystal 
                                    Bragg equation: AB = BC = dhkl sinθ  
 
2.2.2 XRD measurements 
In situ XRD studies were performed with a STOE Bragg-Brentano diffractometer 
(Ge secondary monochromator, Cu Kα radiation), equipped with a Bühler HDK S1 high 
temperature cell (400 ml) (Figure 2.2). The product composition in the gas phase was 
continuously monitored using a mass spectrometer in a multiple ion detection mode 
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(QMS 200 from Pfeiffer). XRD measurements were conducted in a temperature range 
from 323 K to 773 K with an effective heating rate of 0.1 K/min.  Diffraction patterns 
were recorded every 25 K in a two theta range from 5 to 50°.              
  
B    A 
 
 
 
 
 
 
 
                              Figure 2.2 The schematic setup of a STOE Bragg-Brentano diffractometer equipped       
with a Bühler HDK S1 high temperature cell (A) and the detail view of the high-
temperature cell (B). 
 
 
2.2.3 Data evaluation 
Analysis of experimental diffraction patterns was performed using the software 
TOPAS (Bruker AXS) Version 2.1. The ICDD-PDF (International centre for diffraction 
data) database [67] and the ICSD (Inorganic crystal structure database) [68] were used 
for phase analysis and structure refinement. Crystallite sizes were estimated by using the 
Scherrer equation. [69] 
 
                                                                                                                                                                              
2.3 X-ray absorption spectroscopy (XANES and EXAFS) 
 
2.3.1 Theory of XANES and EXAFS  
X-ray absorption spectroscopy (XAS) is a powerful technique that provides 
element specific structural information. [70] XAS probes the local order and, hence, can 
be applied to structurally disordered and ordered solids. Similar to XRD, X-ray 
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absorption spectroscopy in the hard X-ray regime (5.0 keV to 40 keV) can be performed 
in situ under working conditions (p ≥ 1 bar, T = 293-573 K).  
In the absorption of X-rays by matter the following basic model can be applied. 
When the energy of the incoming photons is high enough to excite an electron from a 
deeper core level to a vacant excited state or to the continuum a sharp increase in the 
absorption coefficient µ (E), known as the absorption edge, occurs. X-ray absorption 
spectra exhibit a smooth decreasing intensity towards higher energy.  When the electrons 
are in the most tightly bound n = 1 shell the edge is called the K-edge. For the next most 
tightly bound shell of atoms the corresponding edges are named the L-edges.  
X-ray absorption spectra are commonly separated into several parts according to 
the spectral region. The so-called “X-ray absorption near edge structure“ (XANES), 
refers to a region that begins before the absorption threshold E0 and extends to about 40 
eV. The “Extended X-ray absorption fine structure“ (EXAFS) exhibits a modulation in 
total absorption with the energy of the incident photon which extends to several hundred 
eV above the absorption edge.  EXAFS contains information on the atomic surroundings 
of the center atom. X-ray absorption in the photon energy range up to 40 keV, the range 
of most importance for EXAFS, is dominated by photoelectron absorption where the 
photon is completely absorbed, transferring its energy to excite a photoelectron and 
leaving behind a core hole in the atom. Assuming that all the absorbed photon energy 
goes into exciting a single core electron, the kinetic energy of the excited photoelectron is 
given by the difference between the photon energy and the electrons binding energy in 
the atom.  When the photoelectron has about 15 eV or greater kinetic energy (i.e., for 
photon energies of 15 eV or more above the edge), this energy is large compared with its 
interaction energy with the surrounding atoms (~3 eV). In that case the interaction with 
the surrounding medium can be treated as a perturbation about an isolated atom.  
Obviously, only the final state of the photoelectron is perturbed by the surroundings. A 
deep core level, the initial state, is unaffected to a very good approximation.  
For an isolated atom the photoelectron can be represented as an outgoing wave. 
The surrounding atoms will scatter the outgoing waves. The final state is the 
superposition of the outgoing and scattered waves. The absorption of the rays is given 
quantum mechanically by a matrix element between the initial and final states. In this 
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case the initial state is the electron in the atomic core and the final state is the electron 
excited to the escaping photoelectron.  
As aforementioned, for higher kinetic energies of the ejected photoelectron, scattering by 
neighboring atoms occurs (EXAFS-region). The outgoing wave is spherical, and is 
scattered by all atoms surrounding the absorbing atom (the absorber). Both destructive 
and constructive interference processes occurs between the wave function of the outgoing 
electron and its scattered parts, leading to a modulation of the absorption coefficient. The 
position of maxima and minima in the resulting interference is energy dependent. As a 
consequence, there is a relation between the energy of the ejected electron and the 
distance between absorber and scatterer. The interference pattern varies between 
construction or destruction as determined by the path length of both waves which itself is 
a function of the distance of two neighboring atoms. Therefore the oscillatory part of the 
EXAFS contains information about the local structure around the absorbing atom. 
The EXAFS function χ(k) is defined as the relative difference between the 
measured absorption µ (k) and the atomic absorption µo (k): 
µ(k) - µo(k) 
                                              χ(k) = 
µo(k) 
 
The EXAFS equation in the single scattering, plane wave approximation can be written 
as: [71] 
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k- the photoelectron wavenumber; 
λ-mean free path of the photoelectron; 
φij(k)-phase shift due to the atomic potentials. 
r-distance 
 
A Fourier transform (FT) of the EXAFS with respect to the photoelectron 
wavenumber peaks at distances corresponding to the nearest-neighbor coordination shells 
of atoms. The conventional analysis of the EXAFS modulations contains several well-
documented steps. For disordered materials the Debye-Waller factor takes into account 
the fact that a spread in distance exists in the material due to thermal and structural 
disorder. The thermal disorder is induced due to the thermal lattice vibrations of the 
atoms at higher temperature. Static disorder of the solid is encountered if atoms of the 
same coordination shell have slightly different distances to the central atom.  
A major improvement of analyzing the X-ray absorption spectra has been 
achieved by ab initio calculations of multiple scattering processes. [72] The consideration 
of multiple scattering processes is essential beyond the first shell for the determination of 
the local structure. Using theoretical backscattering phases and amplitude calculated with 
the ab initio code FEFF [73] the EXAFS analysis can by reliably carried out to 6 Å. 
Hence, EXAFS analysis is no longer restricted to the first shell and the use of reference 
compounds. 
The XANES part of the spectrum is characterized by electron transitions and 
multiple-scattering events. The fine structure in the XANES is sensitive to changes in the 
local density of states and the spatial arrangement of scatters around the absorber, hence, 
the edge region can provide information on the geometry of scatterers. A complete 
analysis of all multiple scattering paths that contribute to this fine structure yields the 
geometry of the scatters around the absorber. [74] In addition, XANES analysis can 
provide information of the average valence of the catalyst system investigated due to the 
energy shift of the edge energy which proves useful in characterizing catalysts under 
reducing or oxidizing atmospheres. Furthermore, it is possible to simulate the near edge 
part of the absorption spectrum with a linear combination of the XANES of reference 
compounds. It is assumed that the absorbance in a set of spectra can be modeled as linear 
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sum of individual components. A principal component algorithm (PCA) can be used to 
determine the number and type of probable species yielding a quantification of phase 
mixture. Moreover, the available time-resolution for XAS experiments in the quick-
scanning EXAFS modes (QEXAFS) makes dynamical structural investigations (e.g. 
kinetic studies) of solid state processes feasible. [75] 
In summary X-ray absorption spectroscopy (XAS) is very well suited to study 
catalysts and probing the local structure around a particular element at temperature and 
pressure. The information on the short and medium order range obtained by XAS (e.g. 
type and number of neighbors, distance between atoms, and disorder) together with the 
long-range order (e.g. crystallite size and microstrain) determined by XRD enables a 
more detailed description of the bulk structure of a "real" catalyst system. 
 
2.3.2  XAS measurements 
X-ray absorption experiments can be carried out in different experimental set-up 
using synchrotron radiation. The XAS experiments described in this work were 
performed in the transmission geometry at the Hamburger Synchrotronstrahlungslabor, 
HASYLAB. A schematic set-up of a typical beamline is depicted in Figure 2.3.  
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Figure 2.3 The schematic setup of a typical beamline. 
 
Different optical elements are required to obtain a monochromatic and focused X-
ray beam. In transmission experiments, the intensity of the incident beam I0 and the 
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transmitted I1 beam are measured by an ionization chamber. A reference sample (usually 
metal foils of the elements investigated), placed between the second and the third 
ionization chamber (I3) is used as an internal standard for energy calibration. The 
absorption is calculated from:  
µdsample = ln ( I0/ I1) 
Transmission X-ray absorption spectra were measured in situ with the sample 
pellet in a flow reactor (4 ml total volume) under a controlled reactant atmosphere. [76] 
In situ XAS experiments were performed at the W LIII edge (10.204 keV) (HASYLAB, 
beamline X1), using a Si (311) double crystal monochromator.  Temperature 
programmed decomposition of APT was conducted at temperatures between 293 and 773 
K in helium, 5% hydrogen in helium, 20% oxygen in helium, 10% propene in helium, 
and 10% propene and 10% oxygen in helium. For the in situ XAS measurements 4 mg 
APT were mixed with 30 mg boron nitride and pressed into pellets of 5 mm in diameter 
(edge jump of ~ ∆µx ≈ 1.5 at the W LIII edge).  The gas phase composition was 
continuously monitored using a mass spectrometer in a multiple ion detection mode. 
(Omnistar, Pfeiffer). 
A schematic setup of the in situ XAS-cell operated in the transmission geometry 
is depicted in figure 2.4. 
 
 
 
Figure 2.4 The schematic setup of the in situ 
geometry (A) and the photographic view of 
transmission geometry (B). 
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 2.3.3 Data evaluation 
Data analysis of the XAFS spectra was performed using the software WinXAS 
3.0. [77] The spectra were energy calibrated with respect to a tungsten metal foil 
reference spectrum. For background subtraction and normalization first order 
polynomials were refined to the pre-edge and EXAFS region. Spectra were converted to 
k space using an E0 defined as the first inflection point in the W LIII edge. Atomic 
absorption, µo, fitting was performed using a cubic spline with 7 knots to minimize peaks 
at low R values (< 1 Å) in the Fourier transformed EXAFS χ (k).  
The pseudo radial distribution function FT(χ(k)*k3) was calculated by Fourier 
transforming the k3-weighted experimental χ(k) function, multiplied by a Bessel window, 
into the R space. EXAFS data analysis was performed using theoretical backscattering 
phases and amplitudes calculated with the ab-initio multiple-scattering code FEFF7. [73] 
Single scattering and multiple scattering paths in monoclinic APT, hexagonal 
(NH4)0.25WO3 (intermediate), and triclinic WO3 (decomposition product) were calculated 
up to 6.0 Å with a lower limit of 8.0 % in amplitude with respect to the strongest 
backscattering path. EXAFS refinements were performed in R space simultaneously to 
magnitude and imaginary part of a Fourier transformed k3-weighted and k1-weighted 
experimental χ(k) using the standard EXAFS formula. [73] Structural parameters that are 
determined by a least–squares EXAFS refinement of a model structure to the 
experimental spectra are (i) one overall E0 shift, (ii) Debye-Waller factors for single-
scattering paths, and (iii) distances of single-scattering paths. Coordination numbers (CN) 
and S02 were kept invariant in the refinement. 
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2.4 Additional methods of characterization 
 
2.4.1 Thermal analysis (TG and DSC) 
2.4.1a Theory of TG/DSC 
Thermogravimetry (TG) uses to the measurement of changes in weight as a 
function of changes in temperature and is used as a technique of chemically analyzing 
substances. This thermal technique provides information concerning the thermal stability 
and composition of the sample and of any intermediate compound which may be formed. 
DTG curve represents the first derivative of the mass change curve; in this way a series of 
peaks are obtained instead of the stepwise curve in which the areas under the peaks are 
proportional to the total mass change of the sample.  
Differential Thermal Analyses (DTA) is a technique in which the temperature of a 
sample is compared with the temperature of a thermally inert material; temperature 
changes in the sample are due to endothermic or exothermic transition or reaction such as 
those caused by phase changes, fusion, sublimation etc. 
Differential scanning calorimetry (DSC) independently measures the rate of heat flow to 
a sample and a standard that are at the same temperature. Data is taken by monitoring the 
differential heat flow as a function of temperature. DSC can be used for similar 
measurements as DTA and has the added capability to measure heat capacities.  
 
2.4.2b TG/DSC measurements 
Thermal analysis (thermogravimetry (TG) and differential scanning calorimetry 
(DSC)) was performed with a Netzsch STA 449 C TG/DSC instrument combined with an 
Omnistar (Pfeiffer) mass spectrometer in atmospheres of pure helium, 5% hydrogen in 
helium, 20% oxygen in helium, 10% propene in helium, and 10% propene and 10% 
oxygen in helium. Measurements were carried out at heating rates of 6 K/min, and at a 
total flow of 100 ml/min. 
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2.5 Electron microscopy  
Scanning electron microscopy (SEM) was conducted on S 4000 FEG microscope 
(Hitachi). The acceleration voltage was set at 10 kV, the objective aperture was 30 mm, 
and the working distance was 10 mm. High-resolution transmission electron microscopy 
(HRTEM) analysis was carried out on a CM 200 electron microscope (Philips) (point 
resolution of 0.2 nm and acceleration voltage of 200 kV) equipped with an EDX system. 
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3 Results 
 
3.1 Characterization of ammonium paratungstate 
Ammonium paratungstate tetrahydrate, APT, (NH4)10H2W12O42 * 4H2O, was used 
as purchased (Osram). For the investigations described here a sieved fraction with 
particles in the size range from 100 to 200 µm was employed. 
The experimental X-ray diffraction pattern of ammonium paratungstate is 
depicted in Figure 3.1 together with a simulated pattern and a schematic structural 
representation.  
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Figure 3.1 Experimental (dotted) and simulated (solid) X-ray diffraction pattern of 
ammonium paratungstate (APT, (NH4)10H2W12O42 * 4H2O), together with a 
schematic structural representation. 
 
The simulated pattern of APT was obtained using the corresponding single crystal 
structural data of APT ((NH4)10H2W12O42 * 4H2O, ICSD 15237, P 21/n, a = 15.08 Å, b = 
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14.45 Å, c = 11.00 Ǻ, β = 109.4). The refined lattice constants determined are a = 15.04 
Å, b = 14.46 Å, c = 10.95 Ǻ, and β = 109.1 in good agreement with the single crystal 
data. The crystallite size calculated from XRD peak broadening amounted to about 600 
nm. No further crystalline phases were detectable in the experimental pattern of APT.  
Figure 3.2 shows the scanning electron micrographs of ammonium paratungstate with 
particles in the size range from 100 to 200 µm. 
 
  
 
 
 
 
 
 
 
Figure 3.2 Scanning electron micrographs of a sieved fraction of as-purchased 
ammonium paratungstate with particles in
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Figure 3.3A Experimental (dotted) and theoretical (solid) W LIII XAFS 
FT(χ(k)*k3) of ammonium paratungstate ((NH4)10H2W12O42 * 4H2O). 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 3.3B Schematic representation of the polyoxotungstate ion (W12O4212-) of 
APT in two different viewing directions. 
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Table 3.1 Structural parameters (type of pairs and number (N) of nearest neighbors 
at distance R) obtained from a refinement of the ammonium paratungstate model 
structure (based on ICSD 15237) to the experimental XAFS functions χ(k) of APT 
(Figure 3.3A) at the W LIII edge (Nind = 23, Nfree = 14, 12 single scattering paths and 
29 multiple scattering paths, R range from 0.8 to 4.4 Å, k range from 1.8 to 13.4 Å-1, 
E0 = 7.6 eV, S02 = 0.9). 
 
 
Type N Rmodel, (Å) R, (Å) σ2, (Å2) 
W - O 1 1.72 1.70 0.0020 
W - O 2 1.84 1.83 0.0021 
W - O 1 1.92 1.96 0.0021 
W - O 1 2.02 2.13 0.0022 
W - O 1 2.30 2.26 0.0023 
W - W 2 3.33 3.27 0.0035 
W - W 2 3.70 3.67 0.0035 
W - W 1 3.84 3.84 0.0036 
 
3.2 Thermal decomposition of ammonium paratungstate (TG/DSC) 
The evolution of the mass loss during thermogravimetry measurements (TG) of 
APT in various atmospheres (helium, 5 % hydrogen in helium, 20% oxygen in helium, 
10% propene in helium, and 10% propene and 10% oxygen in helium) is shown in Figure 
3.4. The measurements were conducted with a heating rate of 6 K/min and a total gas 
flow of 100 ml/min. Additionally, the evolution of the MS signals for water (m/e = 18) 
and ammonia (m/e = 15) measured during the decomposition of APT in 20 % oxygen are 
depicted in Figure 3.4.  
The gas phase product composition is nearly identical for decomposition in 
oxygen, helium and hydrogen, even during the last step of the decomposition. In addition 
to the signals for water and ammonia, signals for m/e = 30 and m/e = 44 were also 
detected. These signals could be attributable to NO and N2O, however the intensity of 
these signals follows the intensity of the signal for ammonia throughout the 
decomposition, and they may be artifacts formed in the MS.   
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In the temperature range from 300 K to 650 K the evolution of the mass loss from 
APT during thermal decomposition are nearly independent of the gas atmosphere. Four 
decomposition steps at 370 K, 450 K, 500 K, and 650 K can be distinguished in the TG 
and MS traces measured. The decomposition steps at 450 K, 500 K, and 650 K are 
accompanied by the evolution of water and ammonia, whereas for the decomposition 
steps at 370 K only water is detectable in the gas phase. The weight loss after the first 
decomposition step at 370 K amounts to 1.2 % and corresponds to a loss of two 
molecules of crystal water (1.1 %). Apparently, the treatment in helium performed prior 
to the TG/DSC measurements to remove adsorbed water, already reduced the number of 
crystal water molecules from the initial four to two. The major mass loss of 8.8 % at 
about 500 K is accompanied by the largest signals in the water and ammonia MS traces. 
 The total weight loss after the forth decomposition step at 650 K depends on the 
atmosphere used and amounts to 9.9 % in oxygen, 10.1 % in propene and oxygen, 10.4 % 
in helium, 10.5 % in propene, and 10.8 % in hydrogen. Because the decomposition in 
oxygen resulted in WO3, the other weight losses indicate the formation of partially 
reduced tungsten oxide species in reducing atmospheres. Assuming that the initial 
material is identical, or alternatively, that the intermediates at 400 K are identical in 
composition, then the amount of reduction of the tungsten oxide at the end of the 
decomposition can be calculated. For the hydrogen containing atmosphere, this partial 
reduction results in an oxide formula of about WO2.85. The difference between a 
theoretical mass change when decomposing APT to WO3 of 11.2 % and the loss of 9.9 % 
measured here during the decomposition in oxygen is accounted for by the above-
mentioned loss of two molecules of crystal water before the start of the TG experiments. 
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Figure 3.4 Evolution of weight loss during decomposition of ammonium 
paratungstate ((NH4)10H2W12O42 * 4H2O) in (1) 20 % oxygen in helium, (2) 10 % 
propene and 10 % oxygen in helium, (3) helium, (4) 10 % propene in helium, and (5) 
5 % hydrogen in helium (flow rate 100ml/min, heating rate 6 K/min) (A) together 
with the MS signals for H2O (m/e=18) and NH3 (m/e=15) measured for the 
decomposition of APT in 20 % oxygen in helium (B). 
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The differential scanning calorimetry traces measured during the decomposition 
of APT in various atmospheres are depicted in Figure 3.5. Independent of the gas phase 
composition, each of the first three mass losses shows one or more endothermic signals, 
the strongest endothermic signal accompanies the third decomposition step at about 500 
K. The DSC measurements indicate an endothermic decomposition step at 700 K in 
reducing atmospheres. However, a strong exothermic signal is observed at 700 K during 
the decomposition of APT in oxygen. Because the gas phase products are nearly identical 
in both the oxygen and the helium decomposition, the exothermic signal must be due 
either to a phase change, or to a reaction such as the re-oxidation of a somewhat reduced 
tungsten oxide, which would give no gas phase products. 
Figure 3.5A presents the progression of the TG (DSC) curve during the 
decomposition of APT in helium, with cover and without cover.  
 
0,25 
 
Figure 3.5 Comparison of the DSC signal measured during decomposition of 
ammonium paratungstate ((NH4)10H2W12O42 * 4H2O) in helium (solid), 20 % oxygen 
in helium (dashed), 5% hydrogen in helium (dotted), and 10% propene in helium 
(dash-dotted) (for the corresponding weight loss evolution see Figure 3.4(A)). 
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Figure 3.5A Comparison of the TG and DSC signal measured during decomposition 
of ammonium paratungstate in helium in crucible with cover (dotted) and without 
cover (solid) 
 
 
3.3 Thermal decomposition of ammonium paratungstate (in situ XRD and XAS) 
 
3.3.1 Decomposition of APT in 20% oxygen 
The evolution of X-ray diffraction patterns measured during decomposition of 
APT in 20 % oxygen in helium in the temperature range from 300 K – 770 K is depicted 
in Figure 3.6. Three major stages of the decomposition are indicated. The first series of 
patterns up to ~ 450 K corresponds to APT with a decreasing amount of crystal water 
accounting for the changes in peak intensities and phase composition observable. In the 
region from 450 K to about 620 K a pronounced loss of crystallinity is visible in the XRD 
patterns. The few reflections detectable could not be assigned to any particular tungsten 
phase based on the ICDD-PDF database. The last step in the structural evolution during 
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decomposition of APT in oxygen at 620 K is accompanied by the occurrence of distinct 
XRD reflections, which can be assigned to triclinic WO3 as the majority phase.  
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Figure 3.6 Evolution of X-ray diffraction patterns measured during 
decomposition of ammonium paratungstate ((NH4)10H2W12O42 * 4H2O) in 20 % 
oxygen in helium in the temperature range from 300 K – 770 K (effective heating 
rate 0.1 K/min, flow rate – 80ml/min). Three major stages of the decomposition are 
indicated. 
 
The W LIII edge XAFS FT(χ(k)*k3) of APT measured during decomposition in  
20 % oxygen in helium in the temperature range from 300 K – 770 K are shown in Figure 
3.7. Three temperature regions in the evolution of the local structure around the W 
centers can be distinguished. At 500 K the initial APT spectrum exhibits changes 
particularly in the region between 2 and 4 Å (not phase shift corrected). The decreasing 
amplitude in this region indicates a significant loss of structural order. Conversely, the 
increasing amplitude of the first shell at ~ 1.5 Å indicates a decreasing degree of 
distortion in the first W – O coordination. At ~ 650 K a decrease in the amplitude of the 
first shell and distinct changes in the region between 2 and 4 Å can be observed in the 
experimental FT(χ(k)*k3) corresponding to the last step in the decomposition of APT.  
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Figure 3.7 Evolution of W LIII edge XAFS FT(χ(k)*k3) of ammonium 
paratungstate ((NH4)10H2W12O42 * 4H2O) during decomposition in 20 % oxygen in 
helium (heating rate 5 K/min, flow rate 40 ml/min). Three principle regions can be 
distinguished: (300 – 500 K) APT, (500 – 650 K) (NH4)xWO3, (650 – 770 K) triclinic 
WO3. 
 
3.3.2 Decomposition of APT in reducing atmospheres  
The evolution of X-ray diffraction patterns measured during the decomposition of 
APT in 5 % hydrogen in helium in the temperature range from 300 K – 770 K is depicted 
in Figure 3.8. Similar to the decomposition of APT in 20 % oxygen, the first series of 
patterns up to ~ 450 K corresponds to APT with a decreasing amount of crystal water. In 
the region from 450 K to about 620 K a complete loss of crystallinity is visible resulting 
in an X-ray amorphous phase. At 620 K the formation of highly disordered hexagonal 
and triclinic WO3, and tungsten oxide bronzes, (NH4)xWO3 is observed. The WO3 formed 
exhibits a much lower crystallinity that that obtained during decomposition of APT in 
oxygen. Eventually, at 770 K in 5 % hydrogen the onset of the reduction of tungsten 
oxides to tungsten metal is detected in the XRD patterns. 
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Figure 3.8 Evolution of X-ray diffraction patterns measured during 
decomposition of ammonium paratungstate ((NH4)10H2W12O42 * 4H2O) in 5 % 
hydrogen in helium in the temperature range from 300 K – 770 K (effective heating 
rate 0.1 K/min, flow rate – 80ml/min). Three major stages of the decomposition are 
indicated.  
 
 
The evolution of the W LIII edge FT(χ(k)*k3) measured during decomposition of APT in 
the reducing atmospheres studied (i.e. propene, hydrogen, helium, propene and oxygen) 
is very similar to that of the decomposition in oxygen. 
 
 
3.3.3 Decomposition of APT in air (static conditions) 
The evolution of X-ray diffraction patterns measured during the decomposition of 
APT in static air in the temperature range from 300 K – 770 K is shown in Figure 3.9. 
Similar to the decomposition of APT in oxygen, three major stages can be distinguished. 
The first series of patterns up to ~ 470 K corresponds to APT with a decreasing amount 
of crystal water. In the region from 470 K to about 550 K the formation of an X-ray 
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amorphous phase is detected. Eventually, at 570 K the formation of well ordered and 
phase pure triclinic WO3 is observed. Compared to the decomposition of APT in flowing 
oxygen and hydrogen, the temperature range over which no crystalline phase is detected 
is smaller in static air with an increased stability of APT in the temperature region below 
470 K and an accelerated formation of crystalline WO3 already at 570 K. The onset 
temperature of the decomposition of APT to the amorphous phase is increased by about 
25 K, while the formation temperature of WO3 is lowered by about 25 K. 
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Figure 3.9 Evolution of X-ray diffraction patterns measured during decomposition 
of ammonium paratungstate ((NH4)10H2W12O42 * 4H2O) in static air in the 
temperature range from 300 K – 770 K (effective heating rate 0.1 K/min, flow rate – 
80ml/min). Three major stages of the decomposition are indicated.  
 
3.4 Characterization of the decomposition intermediates and products 
The XRD pattern of the crystalline product of the decomposition of APT in 20 % 
oxygen in helium can be very well simulated by a mixture of hexagonal and triclinic 
WO3 (Figure 3.10). A Rietveld refinement of the corresponding model structures to the 
experimental pattern resulted in a phase composition of ~ 90 % triclinic WO3 and ~ 10 % 
hexagonal WO3, with crystallite sizes of 60 nm and 120 nm, respectively, and lattice 
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constants in good agreement with the single crystal data (triclinic WO3 [ICSD 1620, 
a=7.31 Å, b=7.52 Å, c=7.68 Å, α=88.8 °, β = γ = 90.9°] a=7.34 Å, b= 7.53 Å, c=7.69 Å, 
α= 89.6 °, β = γ = 90.5 °). A schematic representation of the structure of triclinic WO3 is 
depicted in Figure 3.10. The nearest-neighbour distances in triclinic WO3 are given in 
Table 3.2. The structure is related to the ReO3 structure and consists of edge-sharing WO6 
units with W – O distances ranging from 1.8 to 2.2 Å. Compared to the ReO3 structure, 
the WO6 units in triclinic WO3 are strongly tilted with respect to each other resulting in a 
triclinic unit cell.  
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Figure 3.10 Experimental (dotted) and simulated (solid) X-ray diffraction pattern 
of the product of the decomposition of ammonium paratungstate ((NH4)10H2W12O42 
* 4H2O) in 20 % oxygen in helium (300 K – 770 K), together with a schematic 
structural representation of the corresponding triclinic WO3 phase.  
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Table 3.2  Structural parameters (type of pairs and number (N) of nearest neighbors 
at distance R) obtained from a refinement of a triclinic WO3 model structure (based 
on ICSD 1620) and an hexagonal (NH4)0.25WO3 model structure (ISCD 23537) to the 
experimental XAFS functions χ(k) of the product (at 300 K, Figure 3.14B) and of an 
intermediate (at 545 K, Figure 3.14A) of the decomposition of APT in oxygen at the 
W LIII edge (Nind = 28, Nfree = 16, 12 single scattering paths and 29 multiple 
scattering paths, R range from 0.8 to 4.2 Å, k range from 1.7 to 13.1 Å-1 , E0 = 6.2 
eV, S02 = 0.9). 
   
Model 
WO3 
Product (300 K) 
  
Model 
(NH4)0.25WO3 
Intermediate (545 K) 
Type N R, (Å) R, (Å) σ2, (Å2) N R, (Å) R, (Å) σ2, (Å2) 
W – O 3 1.78 1.78 0.0014 2 1.88 1.75 0.0040 
W – O 1 1.95 1.95 0.0015 2 1.89 1.90 0.0041 
W – O 1 2.06 2.07 0.0015 2 1.96 2.13 0.0042 
W – O 1 2.21 2.19 0.0016 - - - - 
W – W 2 3.71 3.71 0.0060 4 3.70 3.65 0.0084 
W – W 3 3.80 3.81 0.0060 2 3.78 3.74 0.0084 
W – W 1 3.86 3.90 0.0060 - - - - 
 
Scanning electron micrographs of the products of the thermal decomposition of 
APT in different atmospheres are depicted in Figure 3.11. On average, the particle size 
appears to be decreased compared to the initial APT in parallel with the decreased 
crystallite size obtained from XRD reflection broadening. While the decomposition of 
APT in propene resulted in a relatively smooth surface of the particles obtained, the 
particles resulting from the decomposition of APT in oxygen exhibit a rougher surface 
with considerable cracks and rifts. In general, the decomposition of APT in a reducing 
atmosphere (i.e. hydrogen, propene, propene and oxygen, and helium) resulted in smooth 
surfaces of the particles in the decomposition products, whereas decomposition in 
oxidizing atmospheres (i.e. oxygen or static air) resulted in particles with rough surface 
structures. 
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Figure 3.14 Experimental (dotted) and theoretical (solid) W LIII XAFS FT(χ(k)*k3) 
of the intermediate of the thermal decomposition of ammonium paratungstate 
((NH4)10H2W12O42 * 4H2O) at 523 K (A) and of WO3 as the product of the 
decomposition at 773 K (measured at 300 K) (B). The corresponding structural 
parameters are given in Table 3.2. 
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model structure. However, characteristic deviation in the first W – O distances (i.e. 
absence of neighbours at 2.2 Å) indicate a higher degree of regularity in the WO6 units of  
the intermediate phase compared to those of triclinic WO3. Moreover, the W – W 
tances obtained are slightly smaller than those determined for triclinic WO3. It 
emerges that the local structure around the W centers in the intermediate phase at 523 K  
can be better explained by assuming an hexagonal tungsten bronze such as (NH4)0.25WO3 
(ICSD 23537). A schematic structural representation of (NH4)0.25WO3 is depicted in 
Figure 3.15. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15 Schematic structural representation of hexagonal (NH4)0.25WO3 
(ICSD 23537). 
 
 
dis
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4 Discussion 
In situ X-ray diffraction and in situ X-ray absorption spectroscopy were employed 
ence, the comprehensive decomposition pathways determined, reveal the dependence of 
position of APT on the gas phase composition particularly in comparison to the 
ecomposition schemes of related polyoxometalates.  
.1 Thermal decomposition of ammonium paratungstate 
The thermal analysis data shown in Figure 3.4 and Figure 3.5 for the 
position of APT in the various atmospheres employed indicate, that up to a 
temperature of ~ 650 K the decomposition proceeds largely independent of the gas 
tmosphere. This is corroborated by the XRD data presented in Figure 3.6, Figure 3.8, 
nd Figure 3.9, which exhibit a series of patterns corresponding to a loss of crystal water 
ation into a poorly crystalline or amorphous phase persisting up to 
~ 650 K. At temperatures above 650 K, the product of the decomposition depends on the 
as phase composition. This holds for both the phase composition and the crystallinity of 
 oxidizing atmospheres triclinic WO3 is formed as the majority phase, 
[78,79] the decomposition in reducing atmospheres results in the formation of partially 
reduced tungsten bronzes. [80] However, reduction of the WO3-x formed at 650 K in 
reducing atmospheres (i.e. helium, propene, and hydrogen) to WO2 or tungsten metal is 
detected during the decomposition of APT in hydrogen only. [81] Apparently, propene is 
not capable of further reducing WO3 in the temperature range employed. This difference 
to elucidate the thermal decomposition of ammonium paratungstate. The combination of 
the two complementary methods with gas phase analysis by mass spectrometry and 
corroborated by thermal analysis permits monitoring the evolution of the short-range and 
long-range structure during the decomposition of APT in various reducing (propene, 
hydrogen, helium, and propene and oxygen) and oxidizing (flowing oxygen and static air) 
atmospheres. While XRD is used to identify the crystalline phases formed, highly 
disordered or amorphous phases, which are frequently encountered during the 
decomposition of polyoxometalates, can by analyzed by X-ray absorption spectroscopy. 
H
the decom
d
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up to 470 K, transform
g
the products obtained.  
While in
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between the reducing powers of hydrogen and propene has already been observed for the 
reduction of MoO  in propene and hydrogen. [82] While hydrogen is capable of entering 
the lattic
3  in static air (in situ XRD) is 
e temperature main endothermic DSC signal 
The ma
atic representation of (NH4)0.25WO3 is depicted in Figure 3.15. 
The rat
3
e of MoO3 and WO3, reduction of the oxide by propene requires the facilitated 
diffusion of oxygen to the surface to react with the propene molecules adsorbed at the 
surface. On the one hand, this is the case for the reduction of MoO3 in propene and 
helium, where oxygen can readily diffuse in the layer structure of orthorhombic MoO3. 
On the other hand, diffusion of oxygen appears to be considerably hindered in the ReO3 
type structure of WO3. Thus, no lattice oxygen is made available at the surface of the 
WO3-x crystallites formed in the decomposition of APT and no significant oxidation of 
propene by lattice oxygen with corresponding  reduction of the WO3 lattice occur.  
TG data show, that the decomposition of APT runs faster in crucible without 
cover than in crucible with cover. There is good correlation between DSC 
(decomposition of APT in He in crucible with cover) and in situ XRD data 
(decomposition of APT in static air). The formation of WO
observed at 570 K (Figure 3.9).  At the sam
of decomposition of APT is observed in He in crucible with cover (Figure 3.5A).  
jor mass loss (Figure 3.4) and thermal DSC event (Figure 3.5) together with the 
major structural changes (e. g Figure 3.6) during the decomposition of APT proceeds at ~ 
500 K. The amorphous or poorly crystalline phase detected by XRD at temperatures 
above 500 K can be identified by XAS to correspond to a 3D network structure similar to 
that of triclinic WO3. While the local coordination of tungsten by the nearest-neighbour 
oxygen atoms in the intermediate phase at 500 K exhibits a characteristic distortion very 
similar to that of triclinic WO3 (and different from that of hexagonal WO3), the medium 
range order appears to be more similar to that of a hexagonal WO3 structure, 
(NH4)0.25WO3. A schem
her short W – W distances found in the local structure around the W center in the 
intermediate at ~ 500 K is characteristic for this hexagonal tungsten oxide. Hence, the 
major decomposition stage observed at ~ 500 K corresponds to a complete destruction of 
the polyoxo ions of APT followed by a restructuring and formation of a three-
dimensional network of corner-sharing WO6 units. During the decomposition in the 
temperature range from 470 K to 650 K prior to the formation of triclinic WO3, the 
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evolution of the FT(χ(k)*k3) shows that the distortion in the first oxygen coordination 
sphere decreases resulting in a more regular WO6 units similar to those characteristic for 
tungsten bronzes. With increasing temperature the last decomposition stage and 
formation of triclinic WO3 at ~650 K results in an increased distortion of the WO6 units 
characteristic for triclinic WO3.   
 
4.2 Decomposition of APT under partial oxidation reaction conditions 
During the decomposition of APT in propene, and propene and oxygen, no 
significant amounts of oxidation products of propene (i.e. acrolein or carbon dioxide) are 
detecte
oxygen 
d in the gas phase. As mentioned above, no reduction of WO3 by propene is 
detected, indicating no availability of lattice oxygen for the propene oxidation. The 
absence of propene oxidation activity in the temperature range studied is in agreement 
with a generalized mechanism of propene oxidation, which requires a certain weakening 
of the metal-oxygen bonds to ensure the presence of characteristic surface defects 
required for the activation of gas phase oxygen and propene an the availability of 
to the gas phase reactants. [22,83] The invariance of the WO3 structure in propene, and 
propene and oxygen at temperatures above 600 K indicates that the W – O bonds in the 
more regular WO6 building units of  WO3 compared to the highly distorted MoO6 
building units of α- MoO3 are less susceptible to form non-oxygen terminated 
catalytically active surface sites. Conversely, treatment of MoO3 in propene and oxygen 
clearly shows that the onset of catalytic activity at ~ 600 K is correlated to the mobility of 
lattice oxygen at this temperature. The latter is evident from the onset of reduction of 
MoO3 in propene at the same temperature. Compared to the characteristic layer structure 
of orthorhombic MoO3 which is capable of accommodating oxygen vacancies by the 
formation of crystallographic shear defects, the corner-sharing octahedrons in the triclinic 
WO3 structure are less flexible, energetically more stable and, thus, not capable of 
permitting an increased amount of oxygen vacancies in the tungsten oxide lattice. Under 
the decomposition conditions investigated, which encompass those used for the 
calcination of catalyst precursors in the literature, no catalytically active tungsten oxide 
bronzes or tungsten oxide shear-structures are obtained. The rather stable ReO3 like 
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three-dimensional tungsten oxides that form already at temperatures as low as 500 K, 
exhibit no sufficient oxygen mobility and, hence, no partial oxidation activity in the 
temperature range employed. 
 
 
4.3 Comparison of the decomposition of APT and polyoxomolybdates 
of ammonium 
heptamolybdate (AHM) and heteropolyoxomolybdate (HPOM) containing of Keggin 
type [P
The characteristic evolution of phases during the decomposition 
Mo12O40]3- ions in various reaction atmospheres has been reported in [84] and 
[85], respectively. In Figure 3.16 the schematic pathway of the decomposition of APT is 
compared to those determined for the decomposition of AHM and HPOM in oxygen.  
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Figure 3.16 Schematic representation of the structural evolution during 
decomposition of ammonium heptamolybdate (AHM), a Keggin type heteropolyoxo 
molybdate ([PMo12O40]3-), and ammonium paratungstate ((NH4)10H2W12O42 * 4H2O) 
in 20 % oxygen in helium in the temperature range from 300 K to 773 K). 
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In all three cases, the decomposition starts with the loss of crystal water, present 
in varying amounts in the three materials. The decomposition of the relatively small 
Anderson type polyoxomolybdate ions of AHM proceeds according to a series of 
olycondensation steps resulting in an increasing dimensionality of the structure of the 
ecomposition intermediates. The X-ray amorphous phase that forms at ~ 500 K during 
as ammonium 
tetramo
ly. 
 contrast to the decomposition of APT, the products obtained from the decomposition 
f AHM depend strongly on the gas atmosphere employed. During decomposition in 
hydrogen a peculiar preferred orientation in the hexagonal MoO3 is detected followed by 
a reduction of the MoO3 formed to nd, eventually, to Mo metal. In propene at 700 
K and in helium at 773 K, MoO2 is eventually obtained from the reduction of the MoO3 
formed. While hydrogen appears to be able to penetrate both the MoO3 and the MoO2 
structure resulting in the reduction of the oxides to the metal, for the reduction of the 
molybdenum oxides in propene and in helium mobility of oxygen in the lattice structure 
is required. The latter seems to be sufficient in the orthorhombic layer structure of MoO3 
in contrast to MoO2 where no further reduction to the metal is observed.  
            The products of the decom rhombic MoO3 and 
triclinic WO3, respectively.  MoO3 xhibits a layer structure. The subunits of this structure 
are built from chains consisting of edge-sharing distorted Mo-O octahedra. WO3 exhibits 
a distorted ReO3 structure, that co sists of [ReO6] octahedra that are linked together via 
their corners. With no outer 4d electrons, MoVI ions do not participate in Mo-Mo 
onding. The oxide chemistry of MoVI is varied and important because the π-bond 
rge MoVI-
ion displacement toward one O2- ion, the π-bonding electrons are polarized strongly 
p
d
the decomposition of AHM in flowing reactants could be identified 
lybdate possessing a 1D chain structure. A three-dimensional lattice structure 
(hexagonal MoO3) forms at ~ 600 K and is eventually transformed into orthorhombic 
MoO3 at ~ 700 K. Evidently, the thermal decomposition of both APT and AHM proceeds 
through the formation of an ammonium and water containing hexagonal phase which 
eventually decomposes into mainly triclinic WO3 and orthorhombic MoO3, respective
In
o
 MoO2 a
position of AHM and APT are ortho
e
n
b
component of the MoVI – O bond stabilizes MoVI in the several coordinations. [86] 
Ferroelectric displacement polarizes the outer p6 electron cloud at an anion into the 
shorter Mo-X bond and away from the longer Mo-X bond. In the limit of a la
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enough
s and formation 
 to become localized to a molecular (Mo≡O)4+ oxomolybdenum ion. The 
formation of oxomolybdenum ions is found in layered structures such as MoO3 * nH2O. 
The WVI ion exhibits ferroelectric-type displacements in WO3, whereas MoO3 contains 
(Mo≡O)4+. Consequently, WO3 crystallizes in the ReO3 structure, which becomes 
distorted at lower temperatures by the WVI-ion displacements, which MoO3 exhibits an 
unusual layer structure.  
WO3 exhibits smaller cooperative displacements of the WVI ions well below the 
melting point. The significantly smaller WVI – ion displacements can be attributed to the 
larger overlap of  WVI (5d) and O2- (2p) wavefunctions. The particular radii of the atoms 
MoVI and WVI are similar (0.73 and 0.74 Å, respectively). MoVI and WVI act as Keggin 
structure addenda atoms because they are able to accommodate the elongation of the X-
Oi-M bond lengths while fitting into the oxygen framework of the Keggin structure. [87]  
The products of the decomposition of APT and AHM exhibit different structures. 
Heteropolyoxomolybdates of the Keggin type, [PMo12O40]3-, exhibit a significantly 
increased stability compared to APT with a similar stoichiometry. Partial decomposition 
and reduction of the Keggin ion starts at about 600 K, which coincides with the formation 
of a three-dimensional lattice during decomposition of AHM. At 600 K the HPOM forms 
a lacunary Keggin ion with one molybdenum center on an extra-Keggin framework 
position. This arrangement is stable to about 700 K where a complete structural 
rearrangement and formation of α-MoO3 is detected. While the extra-Keggin Mo center 
certainly acts as the first step towards “condensation” of the Keggin ion
of the extended MoO3 structure, no further well-defined intermediates with an increasing 
degree of condensation are observed. Because the decomposition of HPOM results 
eventually in the formation of MoO3 at temperatures above 700 K, the final product 
composition at 773 K is strongly dependent on the gas atmosphere used (i.e. MoO3 in 
oxidizing atmospheres, MoO2 in moderately reducing atmospheres, and Mo metal in 
hydrogen). Thus, two effects result in a pronounced stability of the Keggin type HPOM 
compared to APT. First, the stability of the three-dimensional network of edge-sharing 
WO6 units in WO3 favors the decomposition of polyoxotungstate and the formation of 
WO3. Second, the Keggin ions of heteropolyoxomolybdates are considerably stabilized 
by the phosphorous heteroatom.  
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With respect to the preparation of tungsten containing mixed metal oxide, the 
differences in the decomposition schemes revealed for ammonium paratungstate 
compared to other common catalyst precursors like ammonium heptamolybdate and 
heteropolyoxomolybdates indicate certain prerequisites for suitable preparation routes. 
Mo5O14 tolerates the incorporation of considerable amounts of V and W [88]. Thus, 
mixed MoVW oxides are formed from MoO3, WO3, and V2O5 at high temperatures with 
crystal
-t
o5
In addi
 structures resembling that of Mo5O14 [89] The incorporation of W, especially, 
seems to favour the formation of Mo5O14 ype oxides and can be compared with the 
results on Ta and Nb incorporation. [90] Hence, it may be concluded that the 
incorporation of about 8 at. % W into the investigated mixed M O14-type oxide leads to 
its stabilization. Vanadium appears to be statistically incorporated into Mo5O14 [91], 
although it seems to prefer octahedral sites close to a metal-metal bond (Mo5+/4+ centers). 
tion,  Mo5O14 seems to tolerate large variation in the V content up to 30 at.%.  
Because of the low formation temperature of stable 3D lattice structure during 
decomposition of APT, precursor mixtures with APT as a separate phase will most likely 
result in oxide mixtures containing catalytically less interesting triclinic or hexagonal 
tungsten oxides. Hence, in order to use the structure promoting and stabilizing effect of 
W centers in mixed molybdenum oxide catalysts, tungsten has to be incorporated into the 
Mo precursors to ensure presence of W in the final catalyst and stabilizing and promoting 
properties.  
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Concl
en 
iate 
n.  
During the thermal treatment of APT, major changes occur at ~ 500 K where a 
complete structural rearrangement takes place resulting in the destruction of the 
polyoxotungstate ion of APT and the formation of a tungsten oxide bronze. The 
formation of three-dimensional structure consisting of corner-shared WO6 units takes 
place at rather low temperature compared to the thermal treatment of common 
polyoxomolybdate.  
           (MoVW)5O14-type oxides are promising candidates for the active and selective 
phase in partial oxidation reactions. These oxides are complex systems containing several 
minorities species besides the Mo5O14-type phase, which is highly variable in its 
chemical composition and oxidation state. Ammonium paratungstate (APT) is used as 
usions 
The results obtained from bulk structural studies on the thermal decomposition of 
APT are present in this work.  Temperature programmed decomposition was performed 
at temperatures between 293 K to 773 K in various atmospheres (helium, 5 % hydrog
in He, 20 % oxygen in He, 10 % propene in He, and 10 % propene and 10 % oxygen in 
He). The decomposition of APT was investigated by the complementary techniques in 
situ XAS, in situ XRD, and TG/DSC combined with mass spectrometry. 
From 300 K to 650 K the decomposition of APT is independent of the 
atmosphere. Oxidizing atmosphere results in the formation of crystalline triclinic WO3 as 
the majority phase at 773 K. The decomposition of APT in mildly reducing atmospheres 
(propene, propene and oxygen and helium) results in the formation of partially reduced 
and highly disordered tungsten bronzes. The decomposition in hydrogen results in 
reduced tungsten oxides and, eventually, in the complete reduction of the intermed
tungsten oxides to W metal. During the decomposition of APT in propene and propene 
and oxygen, no oxidation products of propene were detected in the gas phase. Reduction 
of WO3 to W metal takes place during the decomposition of APT in hydrogen, whereas 
no reduction of the resulting WO3 is detected in propene and in propene and oxygen. This 
is in contrast to the reactivity of MoO3 in the same temperature range, where the onset of 
reduction and catalytic activity at ~ 620 K is correlated to the onset of the mobility of 
lattice oxyge
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precursor for the production of tungsten trioxide (WO3) and for the synthesis of 
(MoVW
a multi-element 
selectiv
)5O14-type oxides. Tungsten plays an important role as a structural or electronic 
promoter in the formation and stabilization of these oxides. WO6 octahedra will stabilise 
the corner-sharing connectivity due to electrostatic interaction of the metal centers and so 
prevent agglomeration of the cluster units. Tungsten needs to be incorporated in regular 
molybdenum oxide structures already at a very early stage of the catalyst preparation. 
The above finding allows discussing part of the mode of action of 
e oxidation catalyst. 
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Ausblick 
 
In der vorliegenden Arbeit liegen Ergebnisse zur Zersetzung von 
Ammoniumparawolframat vor. Diese Ergebnisse bilden die Grundlage für die 
Untersuchung von Systemen, in denen neben Ammoniumparafolframat auch andere 
Substanzen als Präkursoren zum Einsatz kommen. Eine genau Kenntnis der Reaktionen, 
die während der thermischen Zersetzung der Prekursoren ablaufen, und die Genese der 
verschiedenen polykondensierten dreidimensionalen Mischoxide ist erforderlich, wenn 
zielgerichtet verschiedene Mischoxidsysteme als Modellkatalysatoren hergestellt werden 
sollen. Die Kombination von in situ XAS und in situ XRD Studien mit simultaner 
Messung der Gasphase in Kombination mit einer Analyse der Kinetik mittels TG/DSC 
wurde als Methode zur Bestimmung des Zersetzungsschemas vorgeschlagen. 
Die durchgeführten Analysen der EXAFS-Spektren zeigen deutlich das Potential, 
dass diese Methode in der in situ Charakterisierung von strukturellen Änderungen der 
Nahordnung zukommt. Dies bietet einen Ausgangspunkt, die hier eingesetzten Verfahren 
auch auf andere Systeme und andere Fragestellungen anzuwenden. 
Die Bildung von Wolframoxide und ihre Charakterisierung bezüglich der 
katalytischen Aktivität bieten die Grundlage für weitere Untersuchungen der 
Partialoxidation von leichten Alkenen und andere Partialoxidationsreaktionen.  
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Figure
gure 3.3A Experimental (dotted) and theoretical (solid) W LIII XAFS FT(χ(k)*k3) of 
ammonium paratungstate ((NH4)10H2W12O42 * 4H2O). Structural parameters are 
given in Table 3.1. 
Figure 3.3B Schematic representation of the polyoxotungstate ion (W12O4212-) of APT in 
two different viewing directions. 
Figure 3.4 Evolution of weight loss during decomposition of ammonium paratungstate 
((NH4)10H2W12O42 * 4H2O) in (1) 20 % oxygen in helium, (2) 10 % propene and 10 
% oxygen in helium, (3) helium, (4) 10 % propene in helium, and (5) 5 % hydrogen 
in helium (flow rate 100 ml/min, heating rate 6 K/min) (A) together with the MS 
signals for H2O (m/e=18) and NH3 (m/e=15) measured for the decomposition of 
APT in 20 % oxygen in helium (B). 
Figure 3.5 Comparison of the DSC signal measured during decomposition of ammonium 
paratungstate ((NH4)10H2W12O42 * 4H2O) in helium (solid), 20 % oxygen in helium 
F   1.1 The overview of the structure of triclinic tungsten trioxide. 
Figure  1.2 The overview of the structure of hexagonal ammonium bronze. 
Figure  1.3 The overview of the structure of [H2W12O42]10--anion. 
Figure  2.1 The reflectance of the X-rays of the lattice planes of the crystal. 
 Figure 2.2 The schematic setup of a STOE Bragg-Brentano diffractometer equipped  
with a Bühler HDK S1 high temperature cell (A) and the detail view of high-
temperature cell (B). 
Figure  2.3 The schematic setup of a typical beamline. 
Figure 2.4 The schematic setup of the in situ XAS-cell operated in transmission 
geometry (A) and the photographic view of the in situ XAS-cell o
ansmission geometry (B). 
Figure 3.1 Experimental (dotted) and simulated (solid) X-ray diffraction pattern of 
ammonium paratungstate (APT, (NH4)10H2W12O42 * 4H2O), together with a 
schematic structural representation.  
 3.2 Scanning electron micrographs of a sieved fraction of as-purchased 
ammonium      paratungstate ((NH4)10H2W12O42 * 4H2O) with particles in the size 
range from 100 to 200 µm. 
Fi
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(dashed), 5% hydrogen in helium (dotted), and 10% propene in helium (dash-
 (A)). 
mposition of 
 (dotted) and without 
 from 300 K – 770 K (effective heating rate 0.1 K/min, flow 
osition are indicated. 
w rate 40 ml/min). Three principle regions can be 
Figu  patterns measured during decomposition of 
r stages of the decomposition are indicated.  
 770 K (effective heating rate 0.1 K/min, flow rate 80 ml/min). 
Figu  simulated (solid) X-ray diffraction pattern of the 
Figu
 in 10% propene plus 10 % oxygen in helium 
dotted) (for the corresponding weight loss evolution see Figure 3.4
Figure 3.5A Comparison of the TG and DSC signal measured during deco
ammonium paratungstate in helium in crucible with cover
cover (solid). 
Figure 3.6 Evolution of X-ray diffraction patterns measured during decomposition of 
ammonium paratungstate ((NH4)10H2W12O42 * 4H2O) in 20 % oxygen in helium in 
the temperature range
rate 80 ml/min). Three major stages of the decomp
Figure 3.7 Evolution of W LIII edge XAFS FT(χ(k)*k3) of ammonium paratungstate 
((NH4)10H2W12O42 * 4H2O) during decomposition in 20 % oxygen in helium 
(heating rate 5 K/min, flo
distinguished: (300 – 500 K) APT, (500 – 650 K) (NH4)xWO3, (650 – 770 K) 
triclinic WO3. 
re 3.8 Evolution of X-ray diffraction
ammonium paratungstate ((NH4)10H2W12O42 * 4H2O) in 5 % hydrogen in helium in 
the temperature range from 300 K – 770 K (effective heating rate 0.1 K/min, flow 
rate 80 ml/min). Three majo
Figure 3.9 Evolution of X-ray diffraction patterns measured during decomposition of 
ammonium paratungstate ((NH4)10H2W12O42 * 4H2O) in static air in the temperature 
range from 300 K –
Three major stages of the decomposition are indicated.  
re 3.10 Experimental (dotted) and
product of the decomposition of ammonium paratungstate ((NH4)10H2W12O42 * 
4H2O) in 20 % oxygen in helium (300 K – 770 K), together with a schematic 
structural representation of the corresponding triclinic WO3 phase.  
re 3.11 Scanning electron micrographs of the products of the thermal decomposition 
of ammonium paratungstate ((NH4)10H2W12O42 * 4H2O) in 20 % oxygen in helium 
(A), in static air (B), in helium (C),
(D) and in 10 % propene in helium (E). 
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 4H2O) in 
Figur Fast Fourier Transforms) of HRTEM images of the products of the 
Figu χ(k)*k3) of 
Figur esentation of hexagonal (NH4)0.25WO3 (ICSD  
Figu
e 3.12 High resolution transmission electron micrographs of the products of the 
thermal decomposition of ammonium paratungstate ((NH4)10H2W12O42 *
20 % oxygen in helium (A), in static air (B), in helium (C), in 10% propene plus 10 
% oxygen in helium (D) and in 10 % propene in helium (E). 
e 3.13 FFTs (
thermal decomposition of ammonium paratungstate ((NH4)10H2W12O42 * 4H2O) in 
20 % oxygen in helium (A), in static air (B), in helium (C), in 10% propene plus 10 
% oxygen in helium (D) and in 10 % propene in helium (E). 
re 3.14 Experimental (dotted) and theoretical (solid) W LIII XAFS FT(
the intermediate of the thermal decomposition of ammonium paratungstate 
((NH4)10H2W12O42 * 4H2O) at 523 K (A) and of WO3 as the product of the 
decomposition at 773 K (B) measured at 300 K. The corresponding structural 
parameters are given in Table 3.2. 
e 3.15 Schematic structural repr
23537). 
re 3.16 Schematic representation of the structural evolution during decomposition of 
ammonium heptamolybdate (AHM), a Keggin type heteropolyoxo molybdate 
([PMo12O40]3-), and ammonium paratungstate ((NH4)10H2W12O42 * 4H2O) in 20 % 
oxygen in helium in the temperature range from 300 K to 773 K). 
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distance R) obtained from a refinement of the ammonium paratungstate model 
structure (based on ICSD 15237) to the experimental XAFS functions χ(k) of 
APT (Figure 3.3A) at the W L  edge (N  = 23, N  = 1
paths and 29 multiple scattering paths, R range from 0.8 to 4.4 Å, k range from 
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List of abbreviation and symbols 
Abbreviations: 
CN                                                         Coordination numbers      
    Ammonium heptamolybdate 
     Ammonium paratungstate 
TM                                                      Ammonium tetramolybdate 
TA                                                       Differential Thermal Analyse 
                                       Differential scanning calorimetry 
sorption fine structure 
rm  
RTEM                                                 High-resolution transmission electron microscopy 
        International Centre for Diffraction Data 
MS                                                
PDF                                                        Powder Diffraction File 
RDF                                              
RT                                                          Room temperature 
SEM                                                       Scanning electron microscope 
    Transmission electron microscope 
XANES                                                        
XAS                                                       X-ray absorption spectroscopy  
RD                                                       X-ray diffraction 
 
Symbols:
AHM                                                 
APT                                                  
A
D
DSC                
EM                                                         Electron micrograph 
EXAFS                                                  Extended X-ray ab
FT                                                          Fourier transfo
H
ICDD                                             
ICSD                                                      Inorganic Crystal Structure Database 
         Mass spectrometry 
         Radial distribution function 
TEM                                                  
TG                                                          Thermogravimetry 
          X-ray absorption near edge structure        
X
 
 
 
χ (k)                                              
hkl                                                         Miller’sche Indices 
a, b, c, α, β, γ                                         Lattice parameter 
         EXAFS function 
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dhkl                                                                                      Spacing between the crystal planes 
                                                     Binding energy of the photoelectron  
 
ion) 
toelectron 
 
E0                                   
 
h                                                             Plancks constant 
k                                                             Photoelectron wavenumber
∆l                                                            Path difference (Bragg equat
λ                                                             Wavelength 
m                                                            Photoelectron mass  
p                                                             Momentum of the pho
PCA                                                       Principal Component Algorithm 
R                                                                                         Distance 
S02                                                                                      Amplitude reduction factor  
ν                                                            Frequency 
φij(k)                                                      Phase shift due to the atomic potentials
∆µx                                                                                     Edge jump 
σ2j                                                          Debye Waller factor 
µ (k)                                                       Measured absorption 
µo (k)                                                     Atomic absorption 
θhkl                                                                                     Particular Bragg angle    
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